The brain is not routinely surveyed by lymphocytes and is defined as an immuno-privileged site. However, viral infection of the brain results in the infiltration and long-term persistence of pathogenspecific CD8 + T cells. These cells survive without replenishment from the circulation and are referred to as resident memory T cells (Trm). Brain Trm selectively express the integrin CD103, the expression of which is dependent on antigen recognition within the tissue. After clearance of virus, CD8 + T cells persist in tight clusters, presumably at prior infection hot spots. Antigen persistence is not a prerequisite for T-cell retention, as suggested by the failure to detect viral genomes in the T-cell clusters. Furthermore, we show that an intracranial dendritic cell immunization regimen, which allows the transient introduction of antigen, also results in the generation of memory T cells that persist long term in the brain. Brain Trm die rapidly on isolation from the tissue and fail to undergo recall expansion after adoptive transfer into the bloodstream of antigen-challenged recipients. These ex vivo defects imply a dependency on the local milieu for function and survival. Cumulatively, this work shows that Trm are a specialized population of memory T cells that can be deposited in tissues previously thought to be beyond routine immune surveillance. 
The brain is not routinely surveyed by lymphocytes and is defined as an immuno-privileged site. However, viral infection of the brain results in the infiltration and long-term persistence of pathogenspecific CD8 + T cells. These cells survive without replenishment from the circulation and are referred to as resident memory T cells (Trm). Brain Trm selectively express the integrin CD103, the expression of which is dependent on antigen recognition within the tissue. After clearance of virus, CD8
+ T cells persist in tight clusters, presumably at prior infection hot spots. Antigen persistence is not a prerequisite for T-cell retention, as suggested by the failure to detect viral genomes in the T-cell clusters. Furthermore, we show that an intracranial dendritic cell immunization regimen, which allows the transient introduction of antigen, also results in the generation of memory T cells that persist long term in the brain. Brain Trm die rapidly on isolation from the tissue and fail to undergo recall expansion after adoptive transfer into the bloodstream of antigen-challenged recipients. These ex vivo defects imply a dependency on the local milieu for function and survival. Cumulatively, this work shows that Trm are a specialized population of memory T cells that can be deposited in tissues previously thought to be beyond routine immune surveillance. + T-cell population dramatically contracts, leaving behind a small but numerically significant population of cells that enter the memory T-cell pool (1) (2) (3) . Antigen-specific CD8 + memory T cells remain at stable levels for prolonged periods of time in the complete absence of antigen (4) (5) (6) by cytokine-driven homeostatic proliferation (7, 8) . Some of these memory cells can enter peripheral tissues (9) (10) (11) and from there, form the front line of defense against reinfection (12) (13) (14) . Nonetheless, elegant parabiosis studies connecting the blood streams of immune and naive mice showed that circulating memory T cells do not freely access all tissues during surveillance, with the brain and lamina propria of the gut identified as tissues with minimal routine memory T-cell infiltration (15) .
In addition to the limited memory T-cell infiltration, the brain has several features that classify it as immune-privileged. These include the lack of regular lymphatics, the presence of the bloodbrain barrier, which limits the entry of antibody, additional barriers to the entry of white blood cells, and the general MHC low nature of the resident cells in the steady state (16) . Nonetheless, infection or inflammation within the brain dramatically increases its permeability to cells and effector molecules of the immune system. Penetration of T cells into the brain parenchyma is thought to be, in some cases, antigen-specific (17, 18) and highly dependent on the integrin α4β1 very late antigen 4 (VLA-4) interaction with the adhesion molecule vascular cell adhesion molecule 1 (VCAM-1) expressed on inflamed endothelial cells (19) .
In addition to memory T-cell populations that traverse through peripheral tissues, a distinct memory T-cell population that persists long term within nonlymphoid tissue, commonly at sites of prior infection, has recently been documented. These memory T cells are resident in nature, self-renewing, and highly protective against subsequent infections, and they were termed resident memory T cells (Trm). Initially identified in the skin and sensory ganglia of mice latently infected with HSV (13, 20, 21) and in the gut (22) , these cells were shown to rapidly acquire effector function on secondary pathogenic encounter and in certain situations, undergo extensive proliferation in situ in response to antigen presented locally by incoming inflammatory dendritic cells. Here, we extend these studies and examine the nature of Trm in the brain after viral infection.
Using an intranasal (i.n.) vesicular stomatitis virus (VSV) infection model, we show the generation of CD103 + Trm in the brain parenchyma. Retroviral knockdown of CD103 expression shows that the integrin not only phenotypically denotes the majority of the resident memory T cells in the brain but functionally aids in Trm generation and accumulation. We provide evidence for local DC presentation within the brain as a means to drive CD103 expression on infiltrating T cells and show that memory T cells can persist in the brain in the absence of persisting antigen. Furthermore, we show that brain Trm exhibit functional defects when removed from their site of residence, further supporting the idea that Trm are a distinct memory CD8 + T-cell population tailored to survive and function within their local environment.
Results

Persistence of CD8
+ T Cells in the Brain After VSV Infection. i.n. infection of mice with VSV results in an acute systemic infection with multiple organs, including the brain and lung, harboring replicating virus (Fig. S1A ). B6 mice that had been seeded with low numbers of Ova-specific OT-I.CD45.1 T cells were infected with recombinant VSV that expresses GFP and a truncated form of Ovalbumin (Ova). By day 3 postinfection, distinct patches of GFP + virus-infected regions could be detected throughout the brain (Fig. 1A) , and by day 8 postinfection, large numbers of OT-I T cells had infiltrated the brain and could be found swarming around the last remnants of virus (GFP + )-infected regions (Fig.  1B) . Although GFP + -infected cells could not be detected in the brain beyond day 8 postinfection, OT-I T cells persisted there for at least 120 d after infection (Fig. 1C ). Interestingly, the vast majority of the OT-I T cells persisting in the brain beyond day 20 postinfection expressed CD103-an integrin found on resident memory CD8 + T cells in the skin (13) and gut (22) . We observed a dramatic up-regulation of CD103 expression level on OT-I cells in the brain between days 8 and 20 postinfection, after which time the ratio of CD103 + to CD103 − T cells remained stable. In contrast, the vast majority of OT-I T cells in the spleen and lymph node (LN) lacked expression of this marker at all time points tested (Fig. 1D ). Both the CD103 + and CD103
− memory OT-I cells that persisted within the brain expressed comparable levels of several other phenotypic markers tested such as CD122, CD127, PD-1, CD69, and KLRG1 (Fig.  S1B) . However, the two subsets differed in granzyme B staining, where a much higher fraction of CD103 + cells expressed this effector molecule. Brain Trm expressed lower levels of CD122 than spleen memory cells and did not express PD-1. Thus, memory CD8 + T cells with a unique phenotype persist long term within the brain after viral infection. Fig. 2A) . The proportion of CFSE + OT-I T cells in the brain remained stable for 60 d after injection (Fig. 2B) , implying minimal replenishment from a circulating memory T-cell population. Memory OT-I CD8 + T cells introduced into the blood stream of mice infected with either VSV or VSV-OVA 20 d earlier failed to infiltrate the brain (Fig. S2) , which further argues against routine memory T-cell surveillance of the brain (15). (Fig. 2C) . A similar finding has been reported previously for resident memory T cells that persist in the skin (13) .
Cumulatively, the data strongly imply that the memory T-cell population that resides within the brain persists with slow homeostatic division and without replenishment from the circulating memory T-cell pool.
Requirement for Antigen Recognition in the Brain for CD103
Expression. The majority of antigen-specific T cells persisting within the brain after i.n. VSV infection express CD103 (Fig.  1D ). We next determined if the expression of CD103 was restricted to only T cells that had seen antigen in the brain or whether the inflammatory environment within the brain promoted CD103 expression. To do this, we systemically activated OT-I CD8 + T cells by infecting mice i.v. with recombinant Listeria monocytogenes (LM) that produces OVA (LM-OVA). Additionally, in the same mice, we generated nonspecific inflammation within the brain by the i.n. administration of wildtype VSV. The brains of these mice were recovered on day 30 postinfection, and the expression of CD103 on VSV-specific VSV-N tetramer + cells and VSV-nonspecific OT-I T cells was examined. Consistent with our previous findings, the majority of VSV-N tetramer + CD8 + T cells persisting within the brain expressed CD103. In striking contrast, the CD45.1 + OT-I T cells, which had not seen their antigen within the brain, did not express this marker (Fig. 3A Upper) . Conversely, when mice were infected i.v. with LM-OVA and i.n. with VSV-OVA, a scenario where OVA antigen was present within the brain, the OT-I T cells that persisted in the brain did up-regulate CD103 (Fig. 3A  Lower) . Thus, the expression of CD103 is dependent on T cells encountering antigen within the brain. Interestingly, OT-I cells recruited to the brain after i.n. VSV infection could be detected around VSV antigen + regions, suggesting that nonspecific T cells are subjected to the same environmental cues as their antigenspecific counterparts (Fig. 3B) . CD8 + T cells may encounter antigen presented by professional antigen-presenting cells (APCs) and infected parenchymal cells. To identify the cell type driving CD103 expression within the brain, we generated C57BL/6 into H2K bm1 bone marrow chimeras [B6 → H2K bm1 ]. In these chimeric mice, the parenchymal cells cannot present antigen to OT-I T cells, whereas bone marrow-derived APCs are able to present antigen to OT-I T cells. Control chimeric mice [B6 → B6], where both the parenchyma and APCs can present antigen to OT-I T cells, were also generated. These mice were seeded with low numbers of OT-I.CD45.1/2 T cells before i.n. infection with VSV-OVA. Analysis of the brain on day 20 p.i. revealed a similar level of expression of CD103 on persisting OT-I CD8 + T cells, irrespective of parenchymal presentation of the appropriate MHC molecule (Fig. 3C ). These data imply that antigen presentation by professional bone marrow-derived APCs alone can support CD103 expression by Trm.
Retrovirus Knockdown of CD103 Reduces the Retention of Memory T Cells in the Brain. The integrin CD103 is expressed on the majority of pathogen-specific memory CD8 + T cells persisting within the brain after VSV infection. To determine if CD103 expression is involved in retaining memory T cells within the brain, we used a retroviral knockdown strategy to inhibit CD103 expression and monitored the effect that this had on T-cell retention. OT-I T cells infected with CD103 (α E ) RNAi virus failed to up-regulate CD103 when cultured in vitro in the presence of TGFβ, validating a successful gene knockdown (Fig. S3) .
A 1:1 mixture of either CD103 RNAi retrovirus-or empty vector-transduced GFP + OT-I cells and nontransduced GFP − OT-I cells was adoptively transferred into mice, which were then infected i.n. with VSV-OVA. Although both the empty vector and CD103 RNAi-infected OT-I cells expanded and infiltrated the infected brain at early time points, the cells unable to express CD103 failed to persist as efficiently as control OT-I cells ( Fig.  4 A and B) . This implies that up-regulation of CD103 aids in T cell persistence within the brain by enhancing either T cell survival or retention. CD103 + OT-I T cells present in the brain on day 10 post-VSV-OVA infection displayed higher levels of expression of the prosurvival molecule Bcl-2 compared with their CD103
− counterparts, suggesting a potential survival advantage at this acute time point (Fig. S4) . Thus, CD103 expression not only phenotypically marks the majority of the resident memory T cells in the brain but has functional relevance in promoting T-cell accumulation within the brain.
Brain Resident Memory CD8 + T Cells Persist in Clusters. The CD8 + T cells persisting within the brain after VSV infection were located outside the vasculature (CD31 + ) and within the brain parenchyma (Fig. S5) . Interestingly, some of the CD8 + T cells that persisted within the brain adopted a cluster configuration (Fig.  5 A and B) . The majority of the CD8 + T cells in the cluster were CD103 + (Fig. 5C ). Furthermore, some T-cell clusters also contained CD4 + T cells (Fig. 5D) . We suspected that these CD8 + T cells may be congregating around prior infection hot spots (Fig. 1A) and the last remnants of persisting viral antigen. To assess if VSV genomic RNA (gRNA) was localized to the T-cell clusters, we used laser capture microdissection to excise T-cell clusters from the brains of mice at various times after infection and attempted to amplify viral gRNA. Although we could readily detect viral gRNA in tissue dissected from brains at days 4 and 10 postinfection, we were unable to amplify viral gRNA from day-20 and day-30 brain clusters (Fig. 5E ). In addition, we could not detect antigen presentation to Ova-specific T cells in vitro after dendritic cell (DC) isolation from the brain at day 20 p.i. (Fig. S6 ). Although T cell cluster formation in the brain likely represents cells huddling around areas of prior viral infection, this result suggests that it is unnecessary for virus to persist within these clusters for T cells to sustain this configuration. (Fig. 6 B and  C) . However, when DC-OVAs were delivered i.v. into mice, low numbers of OT-I T cells persisted in the brain, and these cells did not express CD103 (Fig. S7) . Furthermore, when DC-OVAs were administered i.v. and unloaded DCs were administered intracranially, we failed to observe CD103 up-regulation on cells in the brain, implying that tissue damage alone caused by the intracranial injection was insufficient to drive CD103 expression on persisting memory T cells (Fig. S7) .
We were able to observe OT-I T-cell interaction with DCs within the brain on day 10 after DC-OVA intracranial injection (Fig. 6D) . Furthermore, the OT-I T cells that expressed CD103 at this early time point were those cells preferentially interacting with CD11c + DCs within the brain, further indicating that local antigen presentation in the tissue may be necessary to acquire this phenotype.
Injecting peptide-pulsed DCs into the brain represents a means to transiently introduce antigen into the tissue. In this setting, CD8 + T cells infiltrate and persist, suggesting that the long-term residence of memory CD8 + T cells in the brain occurs irrespective of persisting antigen. 
Brain Trm Do Not Function or Survive Well After Dissociation from the
Tissue in Which They Reside. We sorted CD103 + and CD103 − OT-I CD8 + T cells from the brains and spleens of mice on day 20 postinfection with VSV-OVA and adoptively transferred low numbers of these memory T cells i.v. into naïve recipients. These adoptive host mice were subsequently challenged by either i.n. infection with VSV-OVA (Fig. 7A) or i.v. infection with LM-OVA ( Fig. S8 A and B) . Remarkably, although splenic CD103 + and CD103
− memory OT-I cells as well as brain-residing CD103 − memory expanded in response to secondary challenge, brain resident CD103 + memory T cells did not mount a recall response. We suspected that the lack of recall expansion exhibited by the CD103 + tissue resident population after isolation and adoptive transfer reflected a defect in survival after dissociation from the tissue. In support of this, annexin V and 7-amino-actinomycin D (7-AAD) staining indicated that CD103 + memory T cells isolated from the brain underwent the greatest level of death in culture (Fig. 7B) . Memory T cells recovered from the spleen, irrespective of their CD103 expression, survived better ex vivo compared with tissue-bound memory cells. We excluded the possibility that the isolation procedure used to free the CD8 + T cells from the brain was driving this cell death, because when we injected splenic memory cells intracranially and recovered these cells from the brain, they showed no impairment in in vitro survival (Fig. S9A ) and normal reexpansion after adoptive transfer into antigen-challenged recipients (Fig. S9B) .
Although unable to undergo recall expansion after transfer, CD103 + and CD103 − memory OT-I cells isolated from the brain made comparable levels of IFNγ after short-term peptide restimulation, indicating that these cells were not completely defective ex vivo (Fig. S10) . Furthermore, intracranial injection of peptide-loaded targets into memory mice indicated that resident cells can kill targets when left in situ (Fig. 7C) . Although we cannot distinguish if the CD103 + or CD103 − population of cells is responsible for the observed in vivo killing, it is noteworthy that the majority of the granzyme B + cells persisting within the brain after VSV infection express CD103 (Fig. S1B) .
Thus, it seems that resident memory T cells represent a unique population of memory T cells highly dependent on their local milieu for survival and function.
Discussion
Infection results in the generation of memory T cells that are widely dispersed throughout the body (9, 24) . Nonetheless, peripheral tissues that were directly involved in the infection usually contain elevated numbers of pathogen-specific memory T cells (11, 13, 25, 26) . It is possible that these memory CD8 + T cells remain on site because of persisting antigen within the tissue. Indeed, antigen can persist after the clearance of an invading pathogen, reflected by the ability of LN DCs to activate T cells long after the clearance of the acute infection. Prolonged antigen presentation in LNs has been documented to occur after persistent infections (27, 28) as well as after infection with certain RNA viruses that are rapidly cleared, namely VSV and influenza (29) (30) (31) (32) . After intranasal VSV infection resulting in virus reaching the brain through the olfactory bulb, we observed the long-term persistence of memory CD8 + T cells in the brain. We suspected that the cluster configuration of these cells in the brain reflected T cell accumulation around depots of persisting antigen. Although we cannot perform longitudinal studies on one mouse, we suspect that regions of intense viral replication early on (Fig. 1) represent the sites of later CD8 cluster formation (Fig. 5) . However, we could not detect viral gRNA in these T cell-enriched areas. Furthermore, we show that a DC immunization regimen, which allows the transient introduction of antigen, also results in the generation of memory T cells that persist long term in the brain and display a similar phenotype to resident memory T cells that persist after infection. Thus, it seems that the long-term residence of memory CD8 + T cells in the brain can occur irrespective of persisting antigen.
It is increasingly apparent that the role of DCs in the T-cell response goes far beyond initial antigen presentation for T-cell activation in the LN or spleen. Recently, there has been an increased focus on identifying the role of DCs at sites of infection or peripheral antigen depots. Depletion of nonmigratory pulmonary DC exacerbates influenza infection because of impairment in the developing CD8 + T-cell response (33) . In addition, this group showed that local presentation of IL-15 by these pulmonary DCs increases T cell survival and accumulation in the lung (34) . In the skin, dermal DCs have been shown to present antigen to both effector and regulatory CD4 + T cells to drive cytokine production (35) . Furthermore, local antigen presentation by inflammatory DCs within sensory ganglia containing a reactivating HSV infection drives the proliferation of memory CD8 + T cells directly at the site of infection (21) . In the work presented here, we show the antigen-driven up-regulation of CD103 on infiltrating effector CD8 + T cells in the brain, and we show that this can occur irrespective of antigen presentation by nonhematopoietic cells. Furthermore, we show that the upregulation of CD103 facilitates T-cell accumulation within the brain. The expression of adhesion molecules, including VLA-1, CD103, and CD11a, have previously been shown to be important Immunohistochemistry of the brain staining for CD11c (purple), CD45.1(green), CD103 (red), and DAPI (blue) on day 10 after DC peptide immunization.
in the retention and survival of memory T cells within the gut, skin, and lung (36) (37) (38) (39) (40) . Our data imply that the expression of CD103 in the brain is linked to local antigen presentation by DCs. Thus, beyond initial antigen presentation in the LN or spleen, professional APCs at the site of infection can help fine tune the immune response by influencing T-cell effector function, proliferation, survival, and residency. We observe that memory CD8 + T cells persisting within the brain after VSV infection often localize in clusters. Interestingly, a recent intravital microscopy study of brain slices after Toxoplasma gondi infection identified a population of CD8 + T cells within the brain with a highly constrained pattern of migration (41) . This work also showed the development of a local reticular fiber network within the brain after infection. Such scaffolding was absent from a naïve brain and was thought to develop only after infection or inflammation to facilitate lymphocyte migration. Thus, T-cell migration within the brain may be dictated by the nature and extent of the reticular fiber network induced by the inflammatory stimulus.
Resident memory T cells persisting within the brain function poorly on removal from the tissue. They fail to undergo recall expansion on adoptive transfer into the bloodstream of pathogen-challenged recipients and seem to die rapidly when placed in culture. Despite this inability to function outside the tissue, we show that brain Trm can kill targets efficiently in situ. It is still unclear what factors are important in the maintenance and longterm survival of Trm. It is interesting to speculate that, in addition to the known memory T cell homeostatic cytokines IL-7 and IL-15 (42), which we have not detected in elevated amounts within the recovering brain, resident memory T cells that express low levels of CD122 (Fig. S2 ) may become dependent on other local factors in their environment for survival. The inability of brain Trm to function on isolation further supports the notion that Trm are a unique memory T-cell population highly tailored to survive and function within their local environment (43) .
Our findings show that infection can result in the long-term modification of the brain microenvironment. Specifically, cells of the immune system, which are largely excluded from the naïve brain, are deposited as long-term residents. It is important to consider that these brain-resident T cells could be problematic, because they persist in an environment not accustomed to routine immune surveillance or immune tolerance. Nevertheless, these cells may provide enhanced protection on secondary infection or during remitting-relapsing latent infections. Resident memory T cells are often found at mucosal and cutaneous surfaces, which are common portals of entry into the body for many pathogens and have been promoted as the first line of defense against infection. Although it is unlikely that an infection begins within the brain, generally, if a pathogen reaches the brain, prognosis is poor. Hence, the deposition of Trm within the brain may serve as the last line of defense against neuroinvasive pathogens that have successfully evaded the systemic immune response.
Materials and Methods
Mice. C57BL/6, B6.C-H2-K Mice were infected i.n. with 5 × 10 4 pfu of either wild-type or recombinant VSV that expresses GFP and a secreted form of OVA (44) . Mice were infected i.v. with 2,000 cfu of recombinant LM that expresses a secreted form of OVA (LM-OVA). Growth and quantitation of LM-OVA was performed as described previously (45) .
Viral Titer Determination. The presence of infectious VSV in tissue samples was determined using standard pfu assays on confluent Vero cell monolayers.
Generation of Bone Marrow-Derived DCs. Bone marrow flushed from tibias and femurs of C57BL/6 mice was resuspended at 1 × 10 6 /mL in RPMI 1640 supplemented with 2.5 mM Hepes, 5.5 × 10 −5 M mercaptoethanol, 100 U/mL penicillin, 100 μg/mL streptomycin, 5 mM glutamine, 10% FBS, 10 ng/mL GM-CSF, and 10 ng/mL IL-4. Cells were incubated at 37°C with 7% CO 2 Intracranial CFSE Administration and in Vivo Killing. Mice were injected intracranially with 1 mM CFSE in a volume of 30 μL. Splenocytes were pulsed with 1 μM OVA peptide or were unpulsed and then labeled with CFSE at a final concentration of 10 μM for OVA peptide-pulsed cells (CFSE-high) and 1 μM for non-peptide-pulsed cells (CFSE-low). The cells were mixed at a ratio of 1:1, and a total of 1 × 10 6 cells were injected intracranially into recipient animals. Brains were recovered 14 h later.
Immunohistochemistry. Tissues were fixed in 4% paraformaldehyde, frozen in Optimal Cutting Temperature (OCT) medium cut, and stained with the following antibodies: anti-CD103 (2E7), anti-CD4 (GK1.4), and anti-CD8 (53-6.7) purchased from eBioscience and anti-CD45.1 (A20) purchased from BioLegend. Slides were mounted with Vectashield containing DAPI (Vector Laboratories). Images were acquired using a fluorescence microscope and were analyzed using Adobe Photoshop.
RT-PCR and Laser Capture Microdissection. Tissues were recovered and fixed on ice in 1% paraformaldehyde for 5 min before embedding in cryo-preservative solution. Sections were cut, placed onto polyethylene napthalate (PEN) mem- brane slides (Leica), and dehydrated in ethanol. Microdissection was performed using a Leica AS Laser Micro Dissection (LMD) microscope. T-cell clusters were identified on a consecutive serial section that had been stained with fluorescent antibodies as a guide. RNA was extracted using a PicoPure RNA Isolation kit (Arcturus) following the manufacturer's instructions. Synthesis of cDNA and real-time PCR was performed using SuperScript III Platinum Two-Step qPCR Kit with SYBR Green (Invitrogen) following the manufacturer's recommendations of using 10 mM of primers for either VSV-N (5′-CGGAGGATTGACGACTAATGC-3′ and 5′-ACCATCCGAGCCATTCGA-3′) or GAPDH (5′-TGTAGACCATGTAGTT-GAGGTCA-3′ and 5′-AGGTCGGTGTGAACGGATTTG-3′). Amplification and detection were performed with an ABI Prism 7700. The amplification profile consisted of two holds, the first at 50°C for 2 min and the second at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s.
Flow Cytometry. Single cell suspensions were prepared from spleens and LN by mechanical disruption. Brains were enzymatically digested for 1 h at 37°C in 3 mL of collagenase type 3 (3 mg/mL in RPMI 1640 supplemented with 2% FBS), and lymphocytes were separated on a percoll gradient. Cells were stained for 25 min on ice with the appropriate mixture of monoclonal antibodies and washed with PBS with 1% BSA. The following conjugated monoclonal antibodies were obtained from BD Pharmingen or eBioscience: anti CD8α, CD45.1, CD122, CD127, PD-1, and CD103. The VSV-N tetramer was purchased from the Immune Monitoring Lab, Fred Hutchinson Cancer Research Center, Seattle, WA. For analysis of the homeostatic turnover of memory cells, 1 mg BrdU was injected i.p. on 7 consecutive d. Uptake was detected with a BrdU Flow kit according to the manufacturer's instructions (BD Pharmingen).
For the analysis of intracellular levels of IFNγ, single cell suspensions were incubated in the presence or absence of 1.0 μM peptide for 1 h at 37°C, followed by a 4-h incubation in the presence of Brefeldin A. Cells were analyzed on a FACSCanto II using Flowjo software (Tree Star).
In Vitro Survival Assay. Cells were cultured for 12 h in RPMI 1640 supplemented with 2% FCS, 2 mM glutamine, 5 × 10 −5 M 2-mercaptoethanol, and antibiotics. Annexin V staining was performed using an Annexin V staining kit (BD Pharmingen) following the manufacturer's instructions.
Retroviral Transduction of CD8 + T Cells. shRNA sequences were determined using RNAi-Codex software (http://cancan.cshl.edu/cgi-bin/Codex/Codex.cgi) and subcloned into MSCV-LTRmiR30-PIG (LMP) vector (Open Biosystems) between XhoI and EcoRI sites. Clones were verified by restriction site analysis and sequencing.
For retroviral transduction, OT-I cells were stimulated with peptide-pulsed splenocytes. The activated OT-I cells were spin-infected on day 2 postactivation in the presence of 4 μg/mL polybrene (Sigma-Aldrich) and 100 U/mL IL-2, and they were maintained for 2 d in IL-2-containing medium until sorting.
